Abstract Earthquakes induced by reservoir impoundment pose great risk to property and lives worldwide, but studies demonstrating relationships between reservoir water levels, specific faults, and the local geology are rare. Here we show that the 2013 M 5.1 Badong Earthquake, the largest earthquake so far in the Three Gorges Reservoir (TGR) region of China, occurred at a shallow depth on a right-lateral south-dipping strike-slip fault. The fault is at least 15 km long and intercepts the TGR at the NS-running Shennongxi River. We find that the earthquake and its foreshocks and aftershocks are confined to a fractured Triassic carbonate formation that crops out in the reservoir. The precise locations of earthquakes coupled with the local geology suggest that the sequence was induced by high pore pressure due to reservoir water infiltration in a specific rock type. The newly identified fault has the potential to generate earthquakes of magnitude approaching the designed seismic intensity limit of the Three Gorges Dam.
Introduction
Among different causes of human-induced earthquakes worldwide, water reservoir impoundment ranks first in terms of the maximum earthquake magnitude produced (Wilson, 2017) and poses great risk to property and lives. One of the largest reservoir-induced earthquakes is the 1967 M 6.3 Koyna Earthquake in India that killed 180 people (Talwani, 1997a) . The 2008 M 8.0 Wenchuan Earthquake, a devastating one with a casualty of >80,000 and $150B USD in property damage in western Sichuan of China, may have been induced by the Zipingpu Reservoir ∼20 km from the epicenter (e.g., Ge et al., 2009; Lei, 2011; Peng et al., 2017; Tao et al., 2015) , though that conclusion has been disputed (e.g., Chen, 2009; Deng et al., 2010; Gahalaut & Gahalaut, 2010) . In many cases, a causal relationship between reservoir impoundment and nearby earthquakes is difficult to establish because our knowledge of crustal structure and stress state, the hydrogeologic framework, and precise locations of earthquakes are rarely all well-known (Ellsworth, 2013) .
Seven hundred kilometers east of Wenchuan lies the world's largest hydroelectric dam, the Three Gorges Dam (TGD). It was completed in 2003 to block the Yangtze River at a location where the river starts to flow from mountainous western Hubei into the Jianghan plain in central China (Figure 1 ), forming an ultralarge
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Key Points:
• The 2013 M 5.1 Badong Earthquake occurred at a shallow depth on a steep south-dipping strike-slip fault in the Three Gorges Reservoir region • The results suggest that the earthquake was induced by high pore pressure due to reservoir water infiltration in a specific rock type • The newly identified fault has the potential to generate earthquakes approaching the designed seismic intensity limit of the Three Gorges Dam 600-km-long narrow reservoir, the Three Gorges Reservoir (TGR). With tens of millions of people living in the downstream area where several large metropolitan cities are located, the safety of TGD has been considered as the top priority during its planning and operation. The dam site was selected to be located in the Huangling Massif, the oldest exposed Precambrian granitic basement in southern China (Figure 1 ). To its immediate west is the Zigui Basin, a triangle-shaped Jurassic sedimentary basin. Three major faults have been mapped in the reservoir region: the Xiannvshan Fault, Niuko Fault, and Gaoqiao Fault (GQF). All of them are deemed inactive since the Pliocene and thus are considered to pose no seismic risk to TGD (e.g., Chen, 1999) . GPS data showed a small strain rate of 4 ×10 −8 /year in E-W shortening across the Huangling Massif and Zigui Basin (Wang et al., 2001) . Seismicity in the TGR region was low before the completion of the TGD in 2003 but increased by 7-8 times in terms of average monthly earthquake counts after the water level of the reservoir was raised to >150 m above sea level from a pre-TGD level of 74 m (China Three Gorges Corp, 2018; Figure 2 ), while there has been no apparent change of seismicity outside the TGR region in western Hubei. The seismic activity peaked in 2008-2009 and 2013-2014 (Figure 1 ). Given the proximity of these earthquakes to TGR and low background seismicity before TGD, they were generally believed to be reservoir induced (e.g., Chen & Su, 2004; Chen et al., 2014; Ma et al., 2010; Yi et al., 2012; Zhang et al., 2016) . Possible mechanisms include the collapse of karstic caves under the reservoir load, slip on certain interlayer interfaces weakened by reservoir water, and tectonic earthquakes triggered by stress changes due to the impoundment. Although the region has been instrumented with dense short-period seismic stations to monitor seismicity, permanent broadband seismic stations are sparse (Figure 1 ), which results in large uncertainties in determination of earthquake focal mechanisms and depths in the area and hinders deciphering the origin of earthquakes around TGR.
Data and Results
In December 2013, we deployed a temporary array of 30 broadband seismic stations in western Hubei ( Figure 1 ). All the stations recorded ground motion continuously at 40 samples per second. The seismic recording experiment captured the 2013 Badong M 5.1 earthquake in the middle of the array and the aftershocks till June 2014. One of the stations, B01, was located only a few kilometers from the epicenter of the mainshock.
We first used waveform data from these stations plus 19 permanent broadband seismic stations within 200 km of the earthquake to determine its seismic moment tensor and focal depth. Waveform records of three closest stations (B01-B03) were clipped and were not used. We used the cut-and-paste (CAP) method (Zhu & Helmberger, 1996) , which employs a grid search to determine the source parameters that predict observed waveforms of P wave-train (Pnl) and surface waves. A 1-D crustal velocity model modified from (Zhao et al., 2007 ; Table S1 in the supporting information) was used to compute the Green's functions using the frequency-wavenumber integration method (Zhu & Rivera, 2002) . The Pnl waveforms were band-pass filtered between 0.05 and 0.3 Hz, and the surface-wave waveforms were filtered between 0.02 and 0.1 Hz. CAP allows different weightings between the Pnl and surface waves and time shifts between the Green's functions and observations to account for earthquake mislocation and velocity model uncertainty. For technical details, see Zhu and Helmberger (1996) and Zhu and Zhou (2016) . Sample waveform fits from the CAP inversion are shown in Figure S1 . The predicted waveforms from the optimal source parameters match the observed waveforms very well, for all stations ranging from 40 to 200 km in epicentral distance. The final waveform misfit variance reduction is 78%. The source depth is determined to be at 4.6 km ( Figure S2 ), much shallower than the 10 km depth from the China Earthquake Networks Center (CENC) catalog. The focal mechanism shows a strike-slip faulting, with one possible fault plane dipping 80 ∘ to the WSW and the other plane dipping 58 ∘ to the SSE (Table 1) .
Next, we used three-component waveform records of station B01 from the earthquake to relocate its epicenter. The Swave arrival is 1.0 s after the initial P arrival (Figure 3a ). The S-P time allows us to estimate the distance to the hypocenter to be 6.4 ± 0.5 km, assuming a half-space of P velocity 5.1 km/s and V p /V s ratio of 1.8. The P wave particle motion from the two horizontal components shows that the back-azimuth to the source is 218 ± 3 ∘ (Figure 3b ). Combining these measurements with the focal depth obtained above, we relocated the epicenter to be at 31.091 ∘ N and 110.400 ∘ E (Figure 4a ). This moves the epicenter 5 km to the WSW of its catalog location and inside the region of maximum intensity (VII on the Chinese seismic intensity scale) produced by the earthquake .
Between 12 December 2013 and 4 June 2014 when the temporary array was in operation, CENC reported a total of 219 earthquakes within 20 km of the mainshock. We determined these events' relative locations using the double-difference relocation method (hypoDD; Waldhauser & Ellsworth, 2000) . The method determines relative location between any two events using their differential arrival times at the same station. It effectively reduces location errors caused by the difference between the velocity model used and the real Earth velocity structure because velocity anomalies do not affect differential travel time of two similar ray paths. Numerous studies showed that hypoDD improved relative locations of earthquakes by more than 1 order of magnitude in terms of location errors (e.g., Waldhauser & Ellsworth, 2000; Yang et al., 2009 ). We band-pass filtered the waveform between 1 and 8 Hz and measured differential arrival times of any two events at each station by waveform cross-correlation with the cross-correlation coefficient above 0.6. The waveform cross-correlation results were also visually inspected to ensure no cycle skipping and reliability. A total of 16,890 P wave differential arrival times were obtained using the vertical component and 22,088 S wave differential times using the horizontal components. The same 1-D velocity model in Table S1 was used to compute theoretical travel times. At the beginning of hypoDD relocation, all events start at the centroid location of their catalog epicenters and the focal depth of the mainshock. During the iteratiion, we limited the separation of two events to be less than 4 km and required a minimum of six differential arrival time observations for two events to be considered linked. We also required that the distance from the event pair to the station where the differential arrival time belongs to is more than 10 times larger than the separation of the events, so the similar ray-path assumption is valid. After 10 iterations, relative locations of 205 events were determined. Averaged standard deviations of location are 25 m in the horizontal direction and 6 m in the vertical direction. The root-mean-squares of travel-time residuals decreased 98% from the initial 0.90 s to 0.02 s. Figure 4a shows the final locations of 205 events by combining the hypoDD's relative relocation results and the updated mainshock's hypocenter location. The original "cloud" of event epicenters scattered over an area 20 km across (Figure 1 ) now collapses to a narrow zone <1 km wide and 12 km long (Figure 4a ). The best-fit fault plane based on the event locations strikes 76 ∘ and dips 70 ∘ to the SSE (Figure 4b ). It agrees well with fault plane 2 of the focal mechanism (Table 1) . The 12 ∘ difference in dip is within the results' uncertainties. In addition to the mainshock, we also obtained moment tensor solutions of four large aftershocks (∼ M w 3.6). They all show similar right-lateral strike-slip focal mechanisms as the mainshock. Furthermore, three-component waveforms from all 205 earthquakes in the sequence are similar ( Figure S3 ), indicating that they all have similar focal mechanisms. Therefore, the focal mechanism and relocation results clearly show that the 2013-2014 M 5.1 Badong Earthquake sequence occurred at shallow depths <5 km on a steep right-lateral strike-slip fault dipping to the south. The strike and right-lateral sense of motion are consistent with the E-W shortening and N-S extension revealed by the GPS data (Wang et al., 2001 ; Figure 1 ). We now have, for the first time, seismic evidence that these earthquakes are all shear dislocations on a ENE-striking steep fault, not the collapse of karstic caves or slip on low-angle interlayer interfaces as previously suspected (e.g., Chen et al., 2014; Ma et al., 2010; Xia et al., 2008) .
While some previous studies suggested that the 2013 Badong Earthquake occurred on the NE-striking GQF (e.g., Lei et al., 2014) , our tightly constrained event locations and fault plane solution should rule out GQF as the causative fault for this earthquake sequence. There are a few other known faults such as the Daping Fault near the epicenter (Figure 4a ), but none of them matches the strike and length of the newly identified fault. On the surface, the projected fault trace follows the Longchuanhe (LCH) River and a line of distinct valleys for ∼15 km long (Figure 4a ). We therefore name this newly identified fault the LCH Fault. The fault intersects TGR at the confluence of the NS-running Shennongxi (SNX) River and LCH River (Figure 4a ). We conducted a field survey at the confluence and found evidence of a large fault zone indicated by steeply tilted, folded beds and disrupted (brecciated) bedding in an area of otherwise gently-to-moderately dipping beds ( Figure S4 ). The orientation of this fault zone was indeterminate in the survey but is likely to be related to the seismogenic fault.
Discussion and Conclusions
An interesting feature of the earthquake locations in the along-strike cross section is that they are aligned in streaks plunging 10 ∘ -20 ∘ to the east (Figure 4c ). The shallowest events are 500 m beneath the SNX River at LCH. Based on the Badong 1:50,000 geological map (Li, 1997) and the Zigui basin filling and sequence style (Yu, 2005) , we sketched a 3-D view of the basin and its Triassic basement strata beneath our study area ( Figure 5 ). The earthquakes seem to be confined to the lower Triassic basement strata T ). The bottom part of T 2 j is mostly mudstone. Therefore, there is a sequence of carbonate units confined by mudstone-dominated units ( Figure 5 ). Consolidated carbonate rocks and mudstone usually have permeability coefficients less than 1 md and are essentially considered impermeable. However, the permeability of fractured carbonate rocks, such as inside a fault zone, can be increased by several orders of magnitude (Bear, 1972) . In contrast, fractured mudstone, unlike the carbonate rocks, stay relatively impervious. The high-precision earthquake location results and local geology show that the earthquakes occurred in a band that is the intersection of the confined carbonate units and the LCH fault and this band is exposed to the reservoir.
The correlation of earthquake distribution and hydrogeologic framework in the study area sheds light on the origin of the Badong Earthquake sequence. According to Coulomb failure stress (CFS) theory, reservoir impoundment induces earthquakes in two ways (e.g., Talwani, 1997b) . First, the instantaneous elastic response of the crust to the surface loading by the reservoir water body may increase shear stress on the fault, depending on the fault geometry and orientation, though the loading effect decays rapidly with distance and depth. Second, the reservoir water can diffuse into permeable rocks over time to increase the pore pressure and thus reduce the effective normal stress on the fault to bring it closer to failure. In addition, water in the fault zone promotes failure by reducing material cohesion and friction coefficients through chemical dissolution, particularly in carbonate rocks. Zhang et al. (2016) calculated the CFS change at the Badong mainshock hypocenter produced by the reservoir impoundment using a 3-D poroelastic finite element model. They found an increase of CFS from 2003 to the time of the earthquake by 8.0-10.0 kPa, which has been shown to trigger earthquakes in many cases (e.g., Reasenberg & Simpson, 1992; Stein, 1999) . They also found that most of the CFS increase is due to the pore pressure increase. Given that their modeling did not take into account that the Badong Earthquake is located in a hydraulic conductive fault zone connected to the reservoir, as revealed by this study, we anticipate that the actual increase of pore pressure would be even higher due to reservoir water infiltration into the fault zone through the fractured carbonate T should act as seals to confine the water in a narrow channel in the fault zone. As the reservoir water level rises, the pore pressure in the channel increases by diffusion and brings the fault close to failure.
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The 2013 Badong Earthquake occurred near the end of the annual maximum water level (174-175 m) period from the early November to the middle December (Figure 2 ). Using the time delay (35 days) of the earthquake relative to the peak water level date (12 November 2013) and its distance (9 km) to the SNX/LCH river confluence, we estimated the average pore pressure diffusion coefficient along the hydraulic conductive channel to be 27 m 2 /s. It is about 1 to 2 orders of magnitude larger than previously used (Ge et al., 2009; Zhang et al., 2016) . Only six small events of magnitudes 1-2 were reported by CENC before the mainshock during the maximum water level period in the region. Two of them occurred 4 days before the mainshock and have been relocated to be near the mainshock hypocenter (Figure 4) . The other four events could not be relocated due to lack of the temporary array data but might be as well located inside the channel. The number of foreshocks is too small to trace the water migration down the channel. Aftershocks in the first month occurred throughout the channel from near the surface down to the mainshock depth (Figure 4c ). This sequence suggests that the whole channel down to mainshock depth was pressurized and near critical around the time of the mainshock. Aftershocks persisted for at least 5 months in the channel (Figure 4c ). They migrated to the deeper part of the channel and beneath after 2 to 3 months.
The existence of an at least 15-km-long, seismically active fault 60 km from the TGD should raise some concern regarding the safety of the dam. Similar to GQF and Daping Fault, this fault was probably a high-angle thrust fault developed in the early Jurassic when the Yangtze Block collided with the North China Block (Yu, 2005) . Apparently, it has been reactivated as a strike-slip fault under the present EW-compression regional stress field and reservoir water infiltration after the water level was raised >150 m. Using the empirical relationship M = 5.16+1.12 log L of Wells and Copersmith (1994) , where L is the surface rupture length in km of a strike-slip fault, we estimated the magnitude of a potential large earthquake on this fault to be 6.5 ± 0.3 if it ruptures the whole 15-km fault length. TGD was designed to sustain a maximum intensity of VII on the Chinese seismic intensity scale or equivalently a peak ground acceleration (PGA) of 125 gal (Chen, 1999; Li et al., 2005) . Using an NGA GMPE model by Chiou and Youngs (2008) , we calculated the median PGA at TGD from an M 6.5 earthquake on the newly identified fault to be 66 gal and a 13% probability for the PGA to exceed the designed 125-gal level. The PGA could be even larger if the fault extends to the west and beneath the Zigui Basin and is therefore longer than 15 km. We estimated the slip s of a 6.5 earthquake to be ∼1 m using the scalar moment M 0 = μ×L× H×s with a rigidity μ of 30 GPa and depth H of 10 km. At the current E-W shortening rate of 0.4 cm/year between the Huangling Massif and Badong (Wang et al., 2001) , it would take 250 years to accumulate the needed amount of slip, assuming that the shortening is concentrated in the Badong region and the fault is locked. Continuous monitoring of the seismic activity in the region and more detailed investigations on the fault and crustal structures are necessary to fully assess the potential seismic risk in the area. Precise earthquake locations combined with local geology have the potential to reveal the much-needed relationships between hidden faults, hydrologic plumbing, and reservoir water levels and should aid in more effective seismic risk assessment.
